The amplifying properties of biological membranes in their responses to ligand binding have already received considerable attention,' but the molecular basis of this important behavior is far from being understood. In this communication we wish to apply to this problem some of the principles and approaches recently proposed for regulatory enzymes2 and to discuss the cooperative properties of membranes on the basis of their highly ordered structure.
The amplifying properties of biological membranes in their responses to ligand binding have already received considerable attention,' but the molecular basis of this important behavior is far from being understood. In this communication we wish to apply to this problem some of the principles and approaches recently proposed for regulatory enzymes2 and to discuss the cooperative properties of membranes on the basis of their highly ordered structure.
Although data on the chemical constitution and structure of biological membranes are still fragmentary and many basic aspects as yet are not clear, the following features have been established and will be considered:
(1) Membranes are made up by the association of repeating globular lipoprotein units. 3 (2) The conformation of these units differs when they are dispersed in solution or organized into a membrane structure. 4 (3) A large number of biological or artificial lipoprotein membranes respond in vivo as well as in vitro to the binding of specific ligands by some modification of their properties which reflects rearrangement of the membrane organization and presumably of the conformation of the repeating units.5 (4) In several instances the response curve of a membrane to increased concentrations of ligand deviates from the Langmuir isotherm. Depending on the specific membrane considered, the response curve can be slightly S-shaped ("graded response")6 or extremely sharp ("all-or-none response").
Theory.-We consider a biological membrane as an ordered collection of repeating globular lipoprotein units, or "protomers," organized into a two-dimensional crystalline lattice:
(1) The protomer constitutes the "primitive cell" of the lattice and does not necessarily possess in itself any particular property of symmetry. (It can be made up of a single polypeptide chain or of several different protein subunits associated with lipids in characteristic amounts.) (2) Several conformational states are reversibly accessible to the protomer.
The protomer possesses at least one receptor site for each type of specific ligand normally capable of binding to the membrane,7 and the affinity of one, or several, of these receptor sites toward the corresponding ligand is altered when a transition occurs from one to another conformational state.
(4) The conformation of the protomer depends upon its association with the neighboring protomers in the lattice and thus is submitted to a lattice constraint similar to the quaternary constraint involved in the organization of the quaternary structure of oligomeric proteins.8
For simplicity we discuss the situation in which only two9 conformational states (R '-S) are accessible to the protomer and in which a single receptor site specific for the considered ligand, f, is present per protomer. The behavior of such a system can be described in terms of two independent functions: a state function (r) and a binding function (y) corresponding, respectively, to the fraction of protomers in the R state and to the fraction of sites to which the ligand is actually bound. These functions can be derived by the following two methods.
Method A.-Let (y) be the fraction of protomer sites occupied by the ligand f.
The ligand binding energy is Js or JR, according to the state of the protomer. Let e be the energy required to promote one protomer from S to R when all other protomers are in state S.
We make the molecular field approximation:°If the fraction (r) of the protomers are in state R, then the promotion energy is E -q(r), where -q(r) is the mean interaction with all other R protomers.
In this model the grand partition function per protomer is"1 Z = (1 + Xeo3s) + (1 + XefJR)e-(e-1(r)),
(1) where X =e-= absolute activity of the ligand; 3 = -1/KBT. For an ideal system X is directly proportional to the concentration of the ligand.
From (1) we obtain (y) and (r) by (y) = Xb(log z)/aX and 
The isomerization constant l' = (s)/(r) is then simply Equations (5) and (6) can be generalized for the case in which two ligands f, and f2 bind to the same protomer:
(1) f, and f2 bind to the same receptor site (mutual exclusion by steric hindrance):
1 + al + a2
(1 + al + a2) + lA(r) (1 + aic1 + a2C2) and (y) =al(1 + lA'r)c,) 8 (1 + a, + a2) + IA(r) (1 + alc, + a2c2)'
where the subscript 1 or 2 refers to the ligand fi or f2, respectively.
(2) fi and f2 bind at topographically distinct receptor sites (allosteric interactions) :13
(1 + al)(1 + a2) (9) (1 + a,)(1 + a2) + lA(r) (1 + alcl)(1 + a!2C2) and a,(l + a2) + allA (r) (1 + a2c2)c1 (Yi) = (1 + a,)(1 + a2) + IA(r) (1 + aici)(1 + a2c2) (10) Our theory, based on the molecular-field approximation, is valid for one-, two-, or three-dimensional lattices. Alternative approximations have been developed for this general problem but the exact solution exists only for the one-dimensional model. '4 In the following discussion, attention will be focused on the two-dimensional structures widely represented in living organisms by the biological membranes.
Discussion. -The proposed theory has been designed primarily to account for the cooperative phenomena accompanying the binding of ligands to a membrane: indeed, Figures 1 and 2 show that the predicted state and binding functions, (r) and (y), exhibit an S shape characteristic of cooperative interactions. In our simple formulation the cooperative character of the response is encompassed in a single parameter A = es-y. When A = 1, there is no lattice constraint, the protomers are independent, and both the (r) and (y) curves are hyperbolas. When A decreases, the (r) and (y) curves exhibit more and more cooperativity. For a critical value of A both curves become discontinuous (Fig. 2) . This critical value A, = e-4 = 0.01831 corresponds to a critical value Noiq, = 4RT and is independent of 1 and c. Such a discontinuity, which is also found with other two-dimensional models (Ising model), can be interpreted as a phase transition similar to the one which occurs between a gas and a liquid [(r) (resp. a) plays the role of the density (resp. pressure) ]. In the present case, and at the critical concentration a, of the ligand, the transition occurs membranes: a "graded" response or an "all-or-none" response depending on A and thus on the free energy of interaction between protomers.
Other predictions of our model may be of interest: For example, as shown in Figure 1 , the asymptotic limit of the (r) function, for saturating levels of ligand, is sensitive to the value of c, the coefficient of nonexclusive binding."6 This prediction is of relevance when one considers the response of excitable membranes to different pharmacologic agents"7 and, in particular, the observation that various related drugs provoke different maximal responses of the membrane.18 19 Equations (7)- (10) give a simple mathematical description of the classical synergistic or antagonistic (competitive or noncompetitive) interactions between drugs, as observed with various categories of excitable membranes.'8
At this point, we would like to emphasize some bitsic assumptions of our theory.
(1) We assume that conformational changes of the protomer not only pre-exist the ligand binding, but are not fundamentally different whether the ligand is bound or not. Our model is thus essentially different from other models which postulate that the conformational alterations of macromolecular receptors are "induced," i.e., are consecutive to the binding of ligands.20 As a consequence and as shown in Figure 2 , curves (r) and (y) versus a should be, in many instances, distinct from each other. The experimental test of this specific prediction should be relatively simple.22 (2) Our model also differs from the model of Monod, Wyman, and Changeux2 for allosteric oligomers, since we postulate that in a membrane different conformational states of the protomer may coexist close to each other. However, with these authors, we relate the cooperativity of a structure to the very arrangement of its constitutive protomers, in our case, the organization into a lattice possessing properties of translational symmetry.
Finally, we would like to suggest that a number of important biological phenomena seem to be related to the highly cooperative structure of cell membranes: For instance, the initiation and propagation of nerve impulses, the specific "killing" Summary. 21 Such a method has already been used for the demonstration of the highly concerted character of the allosteric transitions of an oligomeric protein (Changeux, Gerhart, Rubin, and Schachman, manuscript in preparation). 22 We have purposely not specified in this discussion the nature of the ligands or the type of bonds involved in the conformational transitions of the protomers. Ligands may be group specific (small ions, protons... ) or stereospecific (synaptic transmitters. ). . ., or even macro-molecules (cellular proteins, hormones, colicins,. . ). The corresponding specific sites may be located on the internal or on the external surface of the protomer. Conformational transitions of a protomer are understood as any reversible reorganization of its three-dimensional structure which may affect, in addition to its affinity toward specific ligands and its relationship with the neighboring protomers, some other characteristic function (as, for example, its involvement into permeability processes). Our theory, stated in a general form, should be adapted to each particular category of specific membrane and the observed response expressed as an (r) or "state" function.
23 Nomura, A\I., these PROCEEDINGS, 52, 1514 (1964) . 24 Membrane "phase transition" may become permanent as a result of the insertion of protomers of a different unit size, the structural modification of some of the native protomers by gain or loss of constitutive subunits, etc. The number of protomers required to be altered in this process does not have to be high, and eventually the modification of a single one could be sufficient to bring a dramatic change of the membrane response. The permanent modification of a synapse after a single conditioning impulse might operate, in a first step, through such a mechanism related to 
